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Abstract 
Wave energy converter (WEC) designs are always discussed in order to find an optimum design to 
generate power. The power output from wave energy converters may be increase by controlling the 
oscillation in order to approach an optimum interaction between the WEC and the incident wave. 
However, in order to control the oscillation of the heave buoy, the wave profile and the device’s response 
must be examined and fully understood. Analysis carried out by study heave buoys response on 
Malaysian water using MathCAD software. The results shows that the heave buoy give a good heave 
response with regards of the wave phase. In this particular area, it is estimated that the wave force can 
produce as much as 4x105 kW/m. From the response, the strategies to optimize power output can be 
proposed in order to maximize the active power to generate an optimum power output.  
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of KES International.  
Keywords: Heave buoy; Optimum power output;Optimization; Wave energy converter (WEC);Wave energy 
1. Introduction 
From Newton’s 3rd law, ‘to every action there is always opposed an equal and opposite reaction: or the 
mutual actions of two bodies upon each other are always equal, and directed to contrary parts’ which 
means force cannot disappear, but changes into another force.  As global resource, waves form a 
potentially large world-wide energy resource, estimated at more 1.6 x 107 MW [1]. This is a very large 
potential energy source, the energy from waves alone could supply the world's electricity needs if the 
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theorem above could be applied to them. In the case of Malaysia, the wave energy have a good potential 
to be exploited because this region surrounded by the sea and open to the tropical monsoon each year. 
 
The principle to capture the wave energy has been discussed thoroughly by Falnes. The author stated 
that a big and smaller floating body displace water in oscillating manner will produce a same size of 
wave. However for a smaller body, it must oscillate with larger amplitude. This principle may utilised for 
wave energy conversion, for instance by a small floating body heaving in response to an incident wave in 
an oscillatory manner with a correct phase [2]. Theoretically, only 50% absorption is possible if 
symmetrical radiated wave, when a wave is generated by a symmetrical body oscillating in only one mode 
of motion (heave).  However, more than 50% absorption is possible if an anti-symmetrical radiated wave 
is applied. But if a sufficiently non-symmetrical body oscillates in only one mode of motion, it may have 
the ability to absorb almost all the incident wave energy [2]. 
 
Many research has emerged regarding a new renewable energies but wave power technologies have not 
yet been developed to a common conceptual design [3-4]. The most challenge in wave power convertors 
is to reach the accepted conceptual design and theory that appropriate for the application [4-6]. Recent 
studies discuss the theoretical hydrodynamic coefficient for WEC in heaving mode but merely on 
cylindrical buoy [7]. Hence, there is a need to extend the theory to make it applicable to such cases. In 
principle, heave buoy work on one mode, heave motion to capture energy and create an oscillation profile. 
Therefore, it is crucial to put the velocity of the device in phase with the incident wave. Thereby, 
absorbing a considerable proportional power extracted from wave energy need to undertaken carefully. 
Several formulae are examined to assess the suitability of its use. 
2. Characteristic of the proposed spectrum 
The convenient form of spectrum in terms of two parameters can be developed using significant wave 
height Hs, and average wave period Tz [8]. From Report UR8 Dynamic of marine structure page 129 
published on June 1977 [9], the formula is given as: 
 
                (1) 
 
Figure 1 shows the wave data in all direction where the maximum wave height reaches 7 meters and 
wave crossing period 10 seconds.  
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Fig.1. Area 62 (Malaysian water) wave scatter statistic from all directions[10] 
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Fig.2.Spectral density characteristic for different wave height from 0.5 meter to 6.5 meter
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Form the data shows in figure 1, Spectral density plotted as shown in figure 2 using a JONSWAP 
spectrum [11] with various heights, from 0.5 meter to 6.5 meter. The frequency is set from 0 to 1000.  
 
However, another formula from  N.D.P. Barltrop and A.J Adams [12] are using Peak period, Tp 
instead of crossing period, Tz compare to the previous formula in (1) , and the formula is given as:  
 
                               (2) 
 
Where: 
                                        
                                
  
                    
   
 
 
To validate both formula, Specify JONSWAP spectrums for the calculation, given parameter from the 
most dominant wave occurring for the whole year as follows: 
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Fig. 3. Comparison of Spectral formula using Hs 1.5 meter and Tz 5.5 second for (a) Original formula from report 
UR8 and (b) Barltrop & Adams 
 
The spectrums above differ in form from different existing formula (1) and (2). The figure shows dependencies 
of spectral form on wave development stage LHS and the dependencies of directional on frequency RHS [13]. 
Significant wave height can be defined in term of zero order moment where Hmo = 4¥mo. Checking the spectrum 
between these two formulas: 
 
N.D.P. Baltrop and A.J Adams (1991)[8] 
 
  
  
   
   
  
 
                  
 
 
 
 
Original formula from Report UR8 Dynamic of marine structure published on June 1977[6] 
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Hs have defined the same value for both formulae. However Tz is overestimated because a tail in numerical is 
cut off in formulae calculation. The formula from Barltrop and Adams seems more accurate because it uses peak 
period, Tp instead of wave period, Tz. In this case, it is not appropriate to use Tz rather than Tp, especially when 
analysing using higher frequency [13]. 
3. Non-dimensional wave number 
Havelock’s equation has solved for the added mass and damping coefficient of a half immerse heaving sphere due to 
Ursell. This involves obtaining the solution for the velocity potential from an infinite sum of multiple potentials, 
each of which satisfies all the conditions of the problem except that on the sphere. This then provide an equation for 
determining the coefficients in the infinite series. The problem is solved by Hulme who shows it can be considerably 
simplified by making use of certain explicit integration[14]. Both added mass and damping are presented as 
functions of non-dimensional wave numbers for different relative size of buoy at each frequency of interest. 
Havelock’s formula can refer on [15]. Frequencies are set to non-dimensionally from 0.1, 0.2, 0.4, up to 2.0 where it 
then give approximation of added mass (inertia) and damping coefficient to bring out the general character as 
follows:  
 
Fig.4. Non-dimensional Havelock results 
 
Figure 4 above shows the variation of virtual inertia coefficient. CAia and damping parameter CHia with frequency, 
ȍia where ȍ=Ȧ2a/g. The Havelock data is now dimensionalised for the given size of buoy at each frequency. 
4. Added mass and damping 
Since radiation damping and added mass are frequency dependent, valid results can only be obtained if a 
complete spectrum is achieved and the transient response is Fourier analysed [16]. Newman[17] studies give 
hydrodynamic exciting force on fixed body held in incident waves in terms of added damping where the body is 
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forced to oscillate in calm water. However in 1976 [18], Newman’s results showed that in theory, the optimum 
power output is achieved when the power output equals the radiated wave power. Meanwhile from Evans, wave 
power extraction characteristics whereas working in one mode with linear power take-off mechanism can be 
determined from added damping alone[19] [20]. The absorption length of the device is then calculated by applying 
an added damping approximation curve to the linear controlled heaving sphere. The absorption length here is 
described as the length of wave frontage where power equals the time averaged power absorbed by the sphere. 
Therefore, the damping coefficient representing the power take-off, cp is set equal to the hydrodynamic damping 
coefficient ch. This then give the formula for overall heave damping ratio as: 
 
                    (3) 
 
Where ms is structural mass, ma is added mass and heave stiffness is based on the water plane area, kwp=ȡgAwp 
 
The water plane area is defined by cut water plane area as the buoy is floating at the draft equal to radius, 
Awp=ʌa2  . Figure 5 shows the overall heave damping ratio over wave period. 
 
Fig. 5. Overall heave damping ratio over wave period. 
 
5. Natural period 
For small radius/ wavelength ratios, the natural period of the sphere is only about half the wave period as 
describe by K. Budal and J. Falnes[21]. Therefore, absorbing proportional power extracted by the linear controlled 
sphere at optimum when the absorption length is L/2ʌ (L= wavelength). This technique is known as the latching 
technique[19]. 
 
Natural frequency is given by: 
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Fig.6. Natural frequency over wave period 
 
 The frequency of un-damped oscillations in a system, which has been allowed to oscillate on its own, is called 
the natural frequency. From the graph above, one can see that the natural frequency of the buoy increases over the 
wave period.  
6. Wave Force 
In sea surface, per unit area stored an average energy of: 
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 Where ȡ =1025 kg/m3 is the mass density of sea water, gravity = 9.81 m/s2is the gravity acceleration, whereas 
Hmo is a significant wave height. This stored energy is a part of kinetic energy from the motion of water and 
potential energy. The integrated S݅݅(f)is the wave spectrum with the unit m2/Hz. The spectrum describe how the 
different wave frequencies, f contribute to wave energy. For sinusoidal wave with amplitude H/2, Hmo can be replace 
by H¥2 where H is wave height. For wave period T=1/f, the wave energy is transported with an energy velocity 
equal to the group velocity. 
 
 The wave force is defined using Haskind relation as discuss by Newman (1962) [17]. For stationary cylinder, 
total force is related to the hydrodynamic damping coefficient and defines by following formula: 
For deep water, group velocity is given as: 
 
                     (6) 
 
Then formula for the exciting force is 
                     (7) 
 
Thus, the wave forces are estimated to produce as much as 4x105 kW/m at 10 second as shown below. 
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Fig. 7 : Wave force over wave period 
Heave response of the buoy is defined using formula as follows [17] [22]: 
 
                 (8) 
 
 
Fig. 8: Figure above shows (a) Real and Imaginary Heave response (b) Heave buoy motion relative to water surface 
 
In figure 8 (a), the positive real response is about 0.5 at longer period in shows the buoy is moving up and down 
in regards of phase with the wave. Meanwhile the imaginary value is about -0.5, around the natural period implies a 
very large motion relative to the water surface refer figure 8 (b).  The water surface amplitude is simply H/2. 
7. Conclusion  
This research studies the heave buoy response to the wave profile. The finding shows that the heave buoy give a 
good response moving up and down in regards of phase with the wave. In this particular area, it is estimated that the 
wave force can produce as much as 4x105 kW/m. In theory, if the heave buoys response close to its natural 
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frequency, the device can absorb as much as the wave force energy produced. However, for the small radius/ 
wavelength ratios, the natural period of the sphere is only about half the wave periods. Hence, to generate an 
optimum power output, phase control and amplitude must be optimise in order to maximize the active power. 
However there was more analysis need to be run such as analysis deeply regarding the wave force, the mean power 
output and the comparison of the buoy size in order to design the complete principal analysis of this research, which 
this remaining analysis will be authors’ future work for this project.  
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